The establishment of cell-type-specific dendritic arbors is fundamental for proper neural circuit formation. Here, using temporal-and cell-specific knock-down, knock-out, and overexpression approaches, we show that multiple aspects of the dendritic organization of cerebellar Purkinje cells (PCs) are controlled by a single transcriptional factor, retinoic acid-related orphan receptor-alpha (ROR␣), a gene defective in staggerer mutant mice. As reported earlier, ROR␣ was required for regression of primitive dendrites before postnatal day 4 (P4). ROR␣ was also necessary for PCs to form a single Purkinje layer from P0 to P4. The knock-down of ROR␣ from P4 impaired the elimination of perisomatic dendrites and maturation of single stem dendrites in PCs at P8. Filopodia and spines were also absent in these PCs. The knock-down of ROR␣ from P8 impaired the formation and maintenance of terminal dendritic branches of PCs at P14. Finally, even after dendrite formation was completed at P21, ROR␣ was required for PCs to maintain dendritic complexity and functional synapses, but their mature innervation pattern by single climbing fibers was unaffected. Interestingly, overexpression of ROR␣ in PCs at various developmental stages did not facilitate dendrite development, but had specific detrimental effects on PCs. Because ROR␣ deficiency during development is closely related to the severity of spinocerebellar ataxia type 1, delineating the specific roles of ROR␣ in PCs in vivo at different time windows during development and throughout adulthood would facilitate our understanding of the pathogenesis of cerebellar disorders.
Introduction
Dendritic arbors of every neuron grow in a specific branching pattern to properly integrate synaptic inputs in neuronal circuits. Dendrite malformation is reportedly associated with several neuropsychiatric and neurodevelopmental disorders, such as Down, Rett, and Fragile X syndromes (Kaufmann and Moser, 2000; Kulkarni and Firestein, 2012) . However, the genetic programs by which each neuron subtype develops and maintains dendritic arbors have remained largely unclear. This is partly because dendrite development is not only encoded by intrinsic programs, but is also modulated dynamically by neuronal activities and interactions with local environmental cues (Sotelo and Dusart, 2009; Tavosanis, 2012) . In addition, dendrites are formed and maintained by the balance between their growth and regression (Emoto, 2012) . Therefore, the effects caused by the disruption of transcription factors during the early developmental stages could be masked by dendritic growth or regression in the later stages.
Cerebellar Purkinje cells (PCs) have served as a useful model with which to study dendrite development because these cells develop one of the most elaborate dendritic trees in the mammalian CNS. In mice, PCs arise from the ventricular zone during embryonic days 10 -13 (E10 -E13) and migrate to the cerebellar cortex by E16 -E17. Postmigratory PCs exhibit fusiform shapes with a few primitive apical dendrites. These dendrites rapidly retract and the PCs enter the "stellate cell" stage by postnatal day 4 (P4) (see Fig. 1A ). By ϳP8, PCs enter the "young PC" stage by losing their perisomatic dendrites and forming single-stem dendrites, which give rise to branches and branchlets with numerous spines. Retinoic acid-related orphan receptor alpha (ROR␣), which belongs to a superfamily of nuclear receptors, was originally identified as the gene responsible for the ataxic mouse staggerer (Sidman et al., 1962; Gold et al., 2007) . Staggerer PCs exhibit atrophic, fusiform-like dendrites lacking spiny branchlets (Landis and Sidman, 1978; Soha and Herrup, 1995) . Interestingly, overexpression of ROR␣ in wild-type PCs at P0 accelerated dendrite regression in organotypic cultures, whereas dendritic growth was not affected when ROR␣ was overexpressed after P7 (Boukhtouche et al., 2006) . Although these findings indicate that ROR␣ specifically mediates the regression of dendrites in the early phase of development, its effect on dendrite maturation at later stages is unclear in organotypic cultures in vitro. Indeed, ROR␣ expression is not only limited to early development, but is also maintained throughout adult life. The deletion of ROR␣ in PCs at P10 -P21 has also been reported to cause dendrite atrophy at P28 in vivo (Chen et al., 2013) . However, because ROR␣ was knocked out during the late developmental stage, it is not completely clear whether ROR␣ regulates dendrite growth or maintenance in the adult. Therefore, the role of endogenous ROR␣ at specific time windows during development and after maturation of the PCs remains unclear. Here, using tamoxifen-induced gene knock-down, knock-out, and the overexpression method in vivo, we show that ROR␣ plays multiple roles in PC dendritogenesis, including alignment of somata, dendrite regression, stem dendrite formation, spine formation, and maintenance of mature dendrites, at specific time windows during development and throughout adulthood in vivo.
Materials and Methods
Procedures. All procedures related to animal care and treatment were performed in accordance with the guidelines set by the Animal Resource Committee of Keio University. The animals were killed by decapitation after anesthetization with pentobarbital (Somnopentyl; Kyoritsu Seiyaku).
cDNA constructs. miR knock-down vectors were generated using BLOCK-iT Pol II miR RNAi Expression Vector Kits (Invitrogen). The fragments were subcloned into a pCAGGS-enhanced green fluorescent (EGFP) vector. The 21 bp target sequence of ROR␣ is as follows: AGC TGT GTG CCA TCA AGA TTA. For the control experiments, we used two different scrambled sequences: GGC TTC AAC TGA CGT GTA TAA and GTT AAT TGA GAC GTC CAT ACG. The pCL20-L7-ER T2 CreER
T2
vector was described previously (Nishiyama et al., 2012) . The cDNA fragment encoding full-length murine ROR␣1 (Nishiyama et al., 2012) was subcloned into the pCAGGS vector. cDNA encoding a hemagglutinin (HA) tag was added to the 3Ј end of ROR␣1. To obtain the plasmid vector encoding the miR-resistant form of ROR␣1 (rROR␣1), silent mutations were introduced to the miR target sequence by PCR. The mutated nucleotide sequence of the knock-down target is as follows: AAC TTT GCG CAA TTA AAA TCA.
For the inducible expression of miR-ROR␣, control miR (miR-SC), or rROR␣1-HA, the fragments were subcloned into a "flex" vector (CAGflex) which was produced by inserting two mutant loxP sites (2272loxP and 5171loxP) (Lee and Saito, 1998) into the multicloning sites of the pCAGGS vector. For the inducible CRISPR/Cas9 system, the SpCas9 cDNA was amplified by PCR from pX330-U6-Chimeric_BB-CBhhSpCas9 plasmid (Addgene #42230; Cong et al., 2013) and subcloned into the CAG-flex vector. For construction of gRNA-expressing vector, SpCas9 fragment was removed from the pX330 plasmid and then the oligonucleotide encoding gR-LacZ or gR-ROR␣ was inserted into BbsI sites. We used one of two different gRNA targeting sequences for ROR␣. The following oligonucleotide sets were annealed and inserted into the pX330 plasmid: 5Ј-CAC CGC ATT GAT GTC CAA TCC CGA C-3Ј and 5Ј-AAA CGT CGG GAT TGG ACA TCA ATG C-3Ј or 5Ј-CAC CGA GTC GGC CTT GCT GCC CTC-3Ј and 5Ј-AAA CGA GGG CAG CAA GGC CGA CTC-3Ј for ROR␣; 5Ј-CAC CTG CGA ATA CGC CCA CGC GAT-3Ј and 5Ј-AAA CAT CGC GTG GGC GTA TTC GCA-3Ј for LacZ.
In utero electroporation. In utero electroporation (IUE) was performed on E11.5 in the cerebella of ICR mice as described previously (Nishiyama et al., 2012) . Briefly, plasmid DNA was injected into the fourth ventricle by a glass pipette and a set of electrical pulses was applied two to four times. Positive electrodes were placed onto the rostral edge of the cerebellar ventricular zone and electroporated mice of either sex were analyzed. Plasmid DNA was resolved in HEPES-buffered saline (21 mM HEPES, 137 mM NaCl, 5 mM KCl, and 0.7 mM Na 2 HPO 4 ). To inject a single vector, the plasmids were dissolved at a concentration of 2 mg/ml. For the double transfection of EGFP-miR and rROR␣1-HA, the two plasmids were mixed in a 1:1 ratio in a final concentration of 4 mg/ml. For the overexpression of rROR␣1-HA, the CAG-EGFP and CAGrROR␣1-HA vectors were mixed in a 1:2 ratio at a final concentration of 3 mg/ml. For the inducible knock-down, CAG-DsRed2, L7-ER T2 CreER T2 , and CAG-flex-EGFP-miR vectors were mixed in a 1:2:3 ratio for a total concentration of 5 mg/ml. Using this protocol, 4-hydroxytamoxifen (4-OHT) injection induced EGFP expression in 49 Ϯ 7% of DsRed2-positive PCs (n ϭ 9 experiments). The rescue experiment was performed by using CAG-flex-rROR␣1-HA in place of CAG-DsRed2. For the inducible overexpression, CAG-EGFP, L7-ER T2 CreER T2 , and CAG-flex-rROR␣1-HA were mixed in a 1:2:3 ratio for a total concentration of 5 mg/ml. For inducible CRISPR/Cas9-based gene editing, CAG-DsRed2, CAG-flex-EGFP, L7-ER T2 CreER T2 , U6-gRNA, and CAG-flex-Cas9 vectors were mixed in a 0.5:0.5:2:3:3 ratio or CAG-flex-EGFP, L7-ER T2 CreER T2 , U6-gRNA, and CAG-flex-Cas9 vectors were mixed in a 1:2:3:3 ratio for a total concentration of 5 mg/ml. 4-OHT administration. 4-OHT (Sigma-Aldrich) was dissolved in ethanol at a concentration of 20 mg/ml and diluted with 9 volumes of corn oil (Sigma-Aldrich). The diluted 4-OHT was injected intraperitoneally with 26 gauge needles into P4, P8, and P21 mice. The dosage was 200 l at P4, 200 -300 l at P8, and 500 l at P21.
Immunohistochemistry and fluorescence image acquisition. For immunohistochemical analyses of the PCs at P4 or later, mice were fixed by cardiac perfusion under sodium pentobarbital anesthesia with 0.1 M sodium phosphate buffer (PB), pH 7.4, containing 4% paraformaldehyde (4% PFA/PB). The brains were then removed and soaked in 4% PFA/PB overnight. After rinsing the specimens with PBS, the cerebellum was isolated and parasagittal slices (100 m thick) were prepared using a microslicer (DTK-2000; Dosaka) . For immunohistochemical analyses of the pups at P0, the mice were decapitated and the heads were soaked in 4% PFA/PB overnight and then in 30% sucrose/PB until the heads sank. Samples were embedded in Tissue-Tek OCT compound (Sakura) and frozen. Parasagittal slices (30 m thick) were prepared using a cryostat (Leica).
Sections were permeabilized with 0.1% Triton X-100 in PBS, blocked with 10% donkey serum in PBS, and incubated for 2-4 h or overnight with the following primary antibodies: guinea pig anti-calbindin (1 mg/ ml; Frontier Institute), rabbit anti-calbindin (1:500; Millipore), mouse anti-HA (1:500; Covance), goat anti-ROR␣ (1:500; Santa Cruz Biotechnology), and guinea pig anti-vGluT2 (1 mg/ml; Frontier Institute). After staining with the primary antibodies, the sections were washed and incubated with Alexa Fluor-546, Alexa Fluor-555, or Alexa Fluor-647 (Invitrogen), Cy3, or DyLight-649 (Jackson ImmunoResearch Laboratories)-conjugated secondary antibodies for 1-2 h. Sections were then washed and mounted onto glass slides and the fluorescent signals of the EGFP or secondary antibodies were observed using confocal microscopes, as described below.
Image analysis. We analyzed EGFP-positive cells located in cerebellar lobules I-IV/V of the vermis. Many PC markers, such as calbidin, are reported as candidate genes with transcription that is regulated by ROR␣ (Gold et al., 2003) . Therefore, PCs were identified by EGFP signals because ϳ96% of transfected cells were PCs in our IUE method (Nishiyama et al., 2012) . For accurate PC identification, cells in which EGFP levels were Ͼ5 times greater than the background were included and cells having cytosolic EGFP signals brighter than their nuclear signals were excluded from the analyses. To analyze the dendritic length using IMARIS software (Zeiss), z-stack images of the EGFP-labeled single PCs were obtained at an optimal z-interval with an FV-1000 using a 40ϫ objective [numerical aperture (NA) 1.0; Olympus], except for Figure 4 , in which an LSM710 with a 63ϫ objective (NA 1.4; Zeiss) was used. The gain was adjusted to allow signal saturation in the soma and primary dendrite only. The images were reconstructed using IMARIS and the dendrites were traced manually with the IMARIS FilamentTracer software using AutoDepth and Manual mode. The dendritic starting points were determined manually at the base of each primary dendrite on the surface of the soma. When multiple primary dendrites were observed, every primary dendrite was traced and the total dendritic length or the number of branch points was summed. For analyses of dendrites of PCs expressing miR-ROR␣ in Figure 4 , perisomatic dendrites shorter than 20 m in length were excluded from analyses.
The quantification of ROR␣ levels was performed using ImageJ software version 1.49. A circular selection of the same size was made on the brightest region in the nucleus of an EGFP-positive cell and the mean gray value of the selection was obtained. For each EGFP-positive cell, control gray values were obtained from multiple untransfected cells with ROR␣ signals that were brightest in the same z-plane. The obtained values were subtracted by the background value. The percentage obtained by comparing the values from the EGFP-positive cells to the values from the untransfected cells represented the relative ROR␣ level. The background value of interest z-plane was determined by the mean gray value in an equivalent circular selection made on a dark area near the EGFP-positive cells where no soma exists. The distance between the edge of the external granular layer (EGL) and PC soma and the longest neurite length was measured using ImageJ. The diameter of the stem dendrite was determined from 2D images using the line tool in ImageJ. The width of the primary dendrite at its middle portion was measured. If there were multiple primary dendrites, then the thickest primary dendrite was analyzed.
For the spine number analyses, z-stack images of the single distal dendritic segments were obtained using the LSM710 with a 63ϫ objective (NA 1.4; Zeiss) or the FV1000 with a 100ϫ objective (NA 1.4; Olympus). The dendrite was reconstructed in the 3D surpass view in IMARIS. The heads of dendritic protrusions oriented in both the x-y plane and the z-direction were counted. The number of protrusions was divided by the length of the analyzed dendritic segment, which was measured with IMARIS FilamentTracer software.
The head width of dendritic spines was measured using the line tool in ImageJ. Only the protrusions oriented in the x-y direction were analyzed. The longest width within the distal half-region of each protrusion was measured.
For quantification of number of vGluT2 puncta on the soma, z-stack images of whole cell bodies of EGFP-positive PCs were obtained using the FV1000 with a 60ϫ objective (NA 1.40; Olympus). The number of vGluT2-immuopositive puncta on the EGFP-positive soma was counted from each z-plane and combined.
Electrophysiology. Parasagittal cerebellar slices (200 m thick) were prepared from ICR mice in which miR or CRISPR/Cas9 constructs were transfected by IUE, as described previously (Kakegawa et al., 2008) . Whole-cell patch-clamp recordings were made from EGFP-positive PCs using a 60ϫ water-immersion objective attached to an upright microscope (BX51WI; Olympus) at room temperature. The resistance of the patch pipettes was 1.5-3 M⍀ when filled with an intracellular solution composed of (in mM): 150 Cs-gluconate, 10 HEPES, 4 MgCl 2 , 4 Na 2 ATP, 1 Na 2 GTP, 0.4 EGTA, and 5 lidocaine N-ethyl bromide (QX-314) (pH 7.25, 295 mOsm/kg). The solution used for the slice storage and recording consisted of the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 and 10 D-glucose, which bubbled continuously with a mixture of 95% O 2 and 5% CO 2 . Picrotoxin (100 M; Sigma) was always present in the saline to block the inhibitory inputs.
To evoke the EPSCs derived from the climbing fiber (CF-EPSCs) and parallel fiber (PF-EPSCs) inputs onto the PCs, square pulses were applied through a stimulating electrode placed on the granular layer (10 s, 0 -200 A) and the molecular layer (ϳ50 m away from the pial surface; 10 s, 0 -200 A), respectively. Selective stimulation of the CFs and PFs was confirmed by paired-pulse depression and paired-pulse facilitation, respectively, of EPSC amplitudes at a 50 ms interstimulus interval. Current responses were recorded with an Axopatch 200B amplifier (Molecular Devices) and the pCLAMP system (version 9.2; Molecular Devices) was used for data acquisition and analysis. The signals were filtered at 1 kHz and digitized at 4 kHz.
Results
Embryonic ROR␣ knock-down recapitulates staggerer phenotypes To characterize the roles of ROR␣ at different developmental time points, we introduced a plasmid vector encoding miR against ROR␣ (miR-ROR␣) together with EGFP into the PCs at E11.5 by IUE ( Fig. 1 A, B) . Using this protocol, we previously showed selective transfection of the PCs in vivo (ϳ96% of the transfected cells in the cerebellar cortex; Nishiyama et al., 2012) . In the present study, immunostaining of electroporated cerebella at P14 revealed that the protein levels of ROR␣ in EGFPexpressing cells were significantly reduced [knock-down (KD): 9.3 Ϯ 3% of untransfected control, n ϭ 10 cells from 2 mice] compared with PCs transfected with a control vector encoding miR targeting a scrambled sequence (miR-SC: 106 Ϯ 6% of untransfected control, n ϭ 10 cells from 3 mice; KD vs SC p ϭ 3.84 ϫ 10 Ϫ9 Student's t test). PCs expressing miR-SC exhibited the typical morphology of young PCs, with one thick stem dendrite that gave rise to many branches studded with spines in the sagittal plane (Fig. 1C) . In contrast, PCs expressing miR-ROR␣ exhibited thin, curvy dendrites with a few branches that lacked dendritic spines (Fig. 1D, top) . The somata of 44.4% of the PCs expressing miR-ROR␣ (n ϭ 27 cells from 4 mice) were mislocalized in the internal granular layer (IGL) ( Fig. 1 B, D , bottom). The number of branch points per 10 m of dendrites was significantly reduced in the PCs expressing miR-ROR␣, regardless of their soma position in the IGL or the Purkinje layer (PL) compared with PCs expressing miR-SC (Fig. 1E ). As reported in wild-type PCs (Berry and Bradley, 1976; Bradley and Berry, 1978; Fujishima et al., 2012) , control PCs expressing miR-SC exhibited longer proximal (first and second order) than distal (Ն third order) dendrites, which remained relatively constant at higher orders (Fig. 1F ). In contrast, PCs expressing miR-ROR␣ lacked highly branched (Ͼ15 th branch order) dendrites (Fig. 1F ) . Dendrite segments at branch orders 1-6 were significantly longer in PCs expressing miR-ROR␣ than control PCs expressing miR-SC regardless of their soma position (SC: 8.1 Ϯ 0.5 m, n ϭ 180 from 3 mice vs knock-down PL: 25 Ϯ 2 m, n ϭ 293 from 2 mice, p ϭ 1.30 ϫ 10 Ϫ6 and vs knock-down IGL: 29 Ϯ 2 m, n ϭ 206 from 2 mice, p ϭ 1.30 ϫ 10 Ϫ6 , ANOVA followed by Tukey's test; Fig.  1F ). To rule out the off-target effect of the miR, we cotransfected PCs with miR-ROR␣ and a cDNA encoding HA-tagged ROR␣1, which was resistant to the miR (rROR␣1-HA; Fig. 1G ). The number of branch points (Fig. 1E ) and length of each dendritic segment (Fig. 1F ) were restored by the coexpression of rROR␣1-HA. These results indicate that the miR-based knock-down of ROR␣ at E11.5 recapitulates staggerer phenotypes, including the mislocalization of PC somata and their primitive dendrites.
Role for ROR␣ in postnatal cellular migration and primitive dendritic regression
Postmitotic PCs migrate to the cerebellar cortex by E16 in a manner dependent on Reelin signaling to form a few-cell layer called the "Purkinje plate" before forming a single-cell PL (Sotelo and Dusart, 2009; Miyata et al., 2010) . To clarify at which stage ROR␣ regulates the positioning of PCs, we analyzed the effects of ROR␣ knock-down at P0 after introducing miR-ROR␣ at E11.5 ( Fig. 2A) . Immunohistochemical analyses of endogenous ROR␣ revealed that miR-ROR␣ effectively reduced ROR␣ expression compared with miR-SC (KD: 24 Ϯ 1% of untransfected control, n ϭ 10 cells from 2 mice; SC: 75 Ϯ 11% of untransfected control, n ϭ 12 cells from 2 mice; KD vs SC p ϭ 0.00103 Student's t test; Fig. 2 B, C) at P0. Nevertheless, the location of PC somata expressing miR-ROR␣ and miR-SC was indistinguishable (Fig. 2 D, E ) and the distance between the PC somata and the upper outline of the calbindin-immunopositive molecular layer was similar between the PCs expressing miR-SC and miR-ROR␣ (Fig. 2F ) . These results indicate that ROR␣ is unlikely to be involved in the regulation of initial PC migration and the formation of Purkinje plates, which was completed by P0.
Next, we analyzed the effects of ROR␣ knock-down at P4 after introducing miR-ROR␣ at E11.5 (Fig. 3A) . Control PCs expressing miR-SC were aligned in a monolayer, whereas most PCs expressing miR-ROR␣ were located in the IGL (Fig. 3 B, C) . In addition, the neurites of PCs expressing miR-ROR␣ were significantly longer than those expressing miR-SC (Fig. 3D-F ) . PCs that expressed miR-ROR␣ but reached the PL tended to have shorter neurites than PCs mislocalized in the IGL; the expression level of endogenous ROR␣ in PCs transfected with miR-ROR␣ was inversely correlated with neurite length (Fig. 3G) . In addition, PCs expressing low levels of ROR␣ were located mostly in the IGL (Fig. 3G) . These results indicate that cell-intrinsic ROR␣ signaling is necessary for PCs to form a single layer in the PL after the Purkinje plate is formed. Because mislocalized PCs tended to have longer neurites, the ROR␣-dependent regression of dendrites may be necessary for PCs to align in a straight line. Alternatively, the reduction of neurites length may not occur in the mislocalized environment.
To rule out the off-target effect of miR, we cotransfected PCs with miR-ROR␣ and rROR␣1-HA cDNA (Fig. 3H ) . Most PCs coexpressing miR-ROR␣ and rROR␣1-HA were localized to the PL (Fig. 3H, top) . Unexpectedly, some PCs cotransfected with miR-ROR␣ and rROR␣1-HA were mislocalized to the white matter and displayed very long neurites (Fig. 3H, bottom, I ). When ROR␣1-HA was overexpressed without miR-ROR␣, most PCs exhibited long neurites (Fig. 3J ) located in the white matter (Fig. 3K ) . These results indicate that the incomplete rescue by rROR␣1 (Fig. 3I ) was caused by the overexpression of rROR␣1. In addition, these results indicate that low expression levels of endogenous ROR␣ during the early developmental stages is necessary for the initial migration of PCs to reach the cerebellar cortex; after this initial migration, ROR␣ is likely required for terminal translocation of PCs to align in the PL and pruning of neurites by P4.
ROR␣ regulates reorganization of dendrites after the stellate cell stage
Although ROR␣ is expressed in the PCs during development and throughout adulthood, the role of ROR␣ beyond the fusiform stage is unclear. To address this, we used an inducible Cre-based gene knock-down system. The PC-specific L7 promoter (Oberdick et al., 1990 ) was used to express the conditionally active form of Cre recombinase ER T2 -Cre-ER T2 (Matsuda and Cepko, 2007) . By coexpressing a plasmid encoding EGFP-tagged miR flanked by two incompatible sets of flox sequences (Stern et al., 2008) , miR was designed to be expressed in a 4-OHT-and L7-dependent manner (CAG-flex-miR constructs; Fig. 4A ). When 4-OHT was administered from P4, endogenous ROR␣ expression was already reduced in EGFP-positive PCs at P6 (Fig. 4B) . At this stellate cell stage, no differences in dendrite morphology between PCs expressing miR-SC and miR-ROR␣ were observed (Fig. 4B) . However, at P14, PCs expressing miR-ROR␣ from P4 displayed thin, curvy, branchless dendrites (Fig. 4C ) that resembled staggerer PCs and PCs in which miR-ROR␣ was introduced at E11.5 (Fig. 1C) . Indeed, PCs expressing miR-ROR␣ had significantly longer dendrite segments at branch orders 1-6 than PCs expressing miR-SC (KD: 17 Ϯ 1 m, n ϭ 281 from 3 mice vs SC: 9.3 Ϯ 0.6 m, n ϭ 195 from 2 mice, p ϭ 1.29 ϫ 10 Ϫ6 and vs rescue: 9.5 Ϯ 0.4 m, n ϭ 411 from 2 mice, p ϭ 1.29 ϫ 10 Ϫ6 , ANOVA followed by Tukey's test), but lacked highly branched (Ͼ15 th branch order) dendrites (Fig. 4D) . As a result, the number of dendritic branch points (Fig. 4E ) and the total dendritic length were dramatically reduced in PCs expressing miR-ROR␣ (Fig. 4F) . Fur- thermore, although control PCs treated with miR-SC typically had thick, single dendrites (Fig. 4G) , PCs expressing miR-ROR␣ often had multiple thin, apical dendrites (Fig. 4H,I ) in addition to numerous short, perisomatic dendrites (SC: 0 Ϯ 0, n ϭ 4 cells from 2 mice vs KD: 11 Ϯ 1.1, n ϭ 7 cells from 3 mice, p ϭ 0.0169, Kruskal-Wallis test followed by Steel-Dwass test; Fig. 4G ). These results indicate that ROR␣ is required, not only for dendrite pruning at the fusiform stage (Boukhtouche et al., 2006) , but also for the remodeling of dendrites during the transition from the stellate cell stage to the young PC stage. To rule out the off-target effect, we coexpressed miR-ROR␣ and rROR␣1-HA cDNA in a 4-OHT-and L7-dependent manner (Fig. 4A ) from P4. At P14, the branching pattern (Fig. 4D) , number of branches (Fig. 4E) , total dendrite length (Fig. 4F ) , diameter of the thickest stem dendrites (Fig. 4G,H ) , and number of perisomatic dendrites [rescue (RC):0.4 Ϯ 0.3, n ϭ 7 cells from 2 mice; RC vs SC p ϭ 0.497; RC vs KD p ϭ 0.00365, Kruskal-Wallis test followed by Steel-Dwass test; Fig. 4G ] were restored by the coexpression of rROR␣1-HA (Fig. 4C) , confirming the specific effect of miR-ROR␣.
In contrast, the number of apical dendrites (Fig. 4G,I ) was not restored by rROR␣1-HA. Therefore, to examine the effect of the overexpression of ROR␣, we expressed rROR␣1-HA alone in a 4-OHT-and L7-dependent manner from P4 (Fig.  5A ). Immunohistochemical analyses revealed that ROR␣ is overexpressed in the nucleus of PCs transfected with rROR␣1-HA (Fig. 5B) . Interestingly, PCs overexpressing rROR␣1-HA also resembled staggerer PCs at P13 (Fig. 5C) ; these PCs had significantly longer dendrite segments at branch orders 1-6 than PCs expressing EGFP only (control: 9.3 Ϯ 0.7 , n ϭ 6 cells from 3 mice (KD), and n ϭ 6 cells from 2 mice (RC). E, Number of dendritic branch points. The bars represent the mean Ϯ SEM branch points. n ϭ 4 cells from 2 mice (SC), n ϭ 6 cells from 3 mice (KD), and n ϭ 6 cells from 2 mice (RC), *p ϭ 0.0344 (ANOVA followed by Tukey's test). F, Total dendritic length per single PCs. The bars represent the mean Ϯ SEM total dendritic length. n ϭ 4 cells from 2 mice (SC), n ϭ 6 cells from 3 mice (KD), and n ϭ 6 cells from 2 mice (RC), *p ϭ 0.0404 (ANOVA followed by Tukey's test). G, Enlarged images of the somata shown in C. Arrowheads and arrows indicate apical and perisomatic dendrites, respectively. Asterisks indicate axons. Scale bar, 20 m. H, Diameters of the thickest primary dendrites. Bars represent the mean Ϯ SEM diameters of the independent experiments. n ϭ 6 cells from 2 mice (SC), n ϭ 8 cells from 3 mice (KD), and n ϭ 9 cells from 3 mice (RC), *p ϭ 0.0328 (ANOVA followed by Tukey's test). I, Number of apical primary dendrites per single PCs. The percentages of PCs showing 1, 2, 3, and more apical primary dendrites are shown. n ϭ 16 cells from 3 mice (SC), n ϭ 23 cells from 7 mice (KD), n ϭ 22 cells from 4 mice (RC), ***p ϭ 1.14 ϫ 10 Ϫ4 (SC vs KD) and 1.50 ϫ 10 Ϫ5 (SC vs Rescue) ( 2 test followed by Bonferroni's correction).
m, n ϭ 162 vs overexpression: 15.2 Ϯ 0.7 m, n ϭ 467, 3 mice each, p ϭ 3.93 ϫ 10 Ϫ10 , Student's t test), but lacked highly branched (Ͼ15 th branch order) dendrites (Fig. 5D ). The number of dendritic branch points (Fig. 5E ) and total dendritic length were dramatically reduced in PCs overexpressing rROR␣1-HA (Fig. 5F ). PCs overexpressing rROR␣1-HA also had multiple stem dendrites (Fig. 5G,H ) , which were thinner than control PCs (Fig. 5I ) . In contrast, the overexpression of ROR␣1 reportedly accelerated the regression of primitive dendrites at the fusiform stage in cultured cerebellar slices in vitro (Boukhtouche et al., 2006) . These results indicate that appropriate levels of ROR␣ are necessary for the formation of stem dendrite and dendritic branches during the transition from the stellate cell stage to the young PC stage in vivo.
ROR␣ regulates dendritic spine formation after the stellate cell stage
Unlike in other cell types, dendritic spines are cell autonomously formed in PCs in the absence of PF inputs (Yuste and Bonhoeffer, 2004; Sotelo and Dusart, 2009) . To investigate the role of ROR␣ in spinogenesis, we examined the dendritic protrusions in PCs in which ROR␣ was knocked down or overexpressed from P4. Although PCs expressing miR-SC were studded with spines and filopodia at P14, PCs expressing miR-ROR␣ completely lacked protrusions on their dendrites (Fig. 6A) , indicating that ROR␣ is indispensable for spine formation after the stellate cell stage. Interestingly, PCs overexpressing rROR␣1 from P4 had stubby or mushroom-like shapes (Fig. 6B, arrowheads, E) at P13, in contrast to the thin or filopodia-like spines observed in control PCs expressing only EGFP (Fig. 6B, arrows) . However, the number of spines was reduced in PCs overexpressing rROR␣1 (Fig. 6 B, C) . As a result, the coexpression of rROR␣1 did not completely restore the reduced number of dendritic protrusions induced by miR-ROR␣ (Fig. 6 A, C) . The overexpression of rROR␣1 from P4 increased the occurrence of stubby or mushroom-shaped spines even at P8 (Fig. 6D, arrowheads) , when almost all dendritic protrusions were filopodia or thin spines in the control PCs (Fig. 6D,  arrows) . Dendritic filopodia in PCs are not only thought to serve as the precursors to spines, but also to be involved in dendritic growth (Berry and Bradley, 1976; Bradley and Berry, 1978) . Therefore, ROR␣ overexpression in PCs during the stellate cell stage may have restricted dendrite formation by promoting the maturation of filopodia. Together, these results indicate that the appropriate expression levels of ROR␣ are important for the proper development of dendrites and spines at the stellate cell stage.
ROR␣ regulates dendritic growth and maintenance after the young PC stage
To investigate the role of ROR␣ after the young PC stage, when apical dendrites form further branches after the perisomatic dendrites are removed, ROR␣ was knocked down from P8 (Fig. 7A) .
At P10, endogenous ROR␣ expression was already reduced in PCs expressing miR-ROR␣ compared with PCs expressing miR-SC (KD: 30 Ϯ 4% of untransfected control, n ϭ 6 PCs; SC: 96 Ϯ 12% of untransfected control, n ϭ 6 PCs; 3 mice each; KD vs SC, p ϭ 0.00229 Student's t test; Fig. 7B ), whereas no differences in dendrite morphology between PCs expressing miR-SC and miR-ROR␣ were observed (Fig. 7C) . However, at P14, PCs expressing miR-ROR␣ displayed atrophic dendrites (Fig. 7D) . Although the length of the first-order branch tended to be reduced in PCs expressing miR-ROR␣, the length of each second-and higher-order dendritic branch was similar between PCs expressing miR-SC and miR-ROR␣ (Fig. 7E) . Nevertheless, PCs expressing miR-ROR␣ had significantly fewer dendritic branch points (Fig. 7F ) and shorter dendrites (Fig. 7G) than PCs expressing miR-SC, indicating that the number of terminal dendritic segments was selectively reduced in PCs expressing miR-ROR␣. The coexpression of rROR␣1-HA successfully rescued the abnormal dendritic morphology caused by miR-ROR␣ (Fig. 7D-G) , ruling out the off-target effect of miR-ROR␣. The dendrites of PCs expressing miR-SC gained ϳ800 m in length and 100 branch points between P10 and P14, whereas the dendrites of PCs expressing miR-ROR␣ lost ϳ700 m in length and 60 branch 1 m (bottom) . C, Densities of the dendritic protrusions per length. Bars represent the mean Ϯ SEM number of protrusions (per micrometer) of the independent experiments, n ϭ 4 cells from 2 mice (SC), n ϭ 6 cells from 3 mice (KD), and n ϭ 5 cells from 2 mice (RC), **p ϭ 0.0000615 and ##p ϭ 0.00309 (ANOVA followed by Tukey's test); n ϭ 3 cells from 2 mice (control), n ϭ 5 cells from 2 mice (overexpression), *p ϭ 0.0144 by Student's t test. D, Overexpression of ROR␣ from P4 facilitates the maturation of dendritic spines at P8. Representative confocal images of EGFP signals in the distal dendrites are shown. Scale bar, 5 m. Arrows indicate dendritic protrusions. E, Width of the distal dendritic spines at P13. Bars represent the mean Ϯ SEM spine head widths, n ϭ 47 spines from 2 mice (control) and n ϭ 101 spines from 2 mice (overexpression), **p ϭ 0.0385 by Student's t test.
points (Fig. 7 F, G) . Therefore, the loss of ROR␣ not only interfered with normal dendritic growth, but also caused a reduction in the existing terminal dendrites. These results indicate that ROR␣ is required for the formation and maintenance of growing mature dendrites during the young PC stage.
ROR␣ is crucial for the maintenance of dendrites and spines in adult PCs
Finally, to further clarify the role of ROR␣ in PCs after the completion of dendritic development, we knocked down ROR␣ by injecting 4-OHT at P21 (Fig. 8A) . At P23, endogenous ROR␣ expression was reduced in PCs expressing miR-ROR␣ compared with untransfected PCs (22 Ϯ 3% of untransfected control, n ϭ 8 cells from 2 mice; Fig. 8B ), whereas no abnormalities in the dendrite morphology were observed (Fig. 8C) . At P35, PCs expressing miR-ROR␣ exhibited atrophic dendrites (Fig. 8D) . Although the length of each dendritic branch was comparable between PCs expressing miR-SC and miR-ROR␣ (Fig. 8E) , the number of dendritic branch points (Fig. 8F ) and total dendritic length (Fig. 8G) were significantly decreased in PCs expressing miR-ROR␣. The coexpression of rROR␣1-HA successfully rescued the abnormal dendritic morphology caused by miR-ROR␣ (Fig. 8D-G) , ruling out the off-target effect of miR-ROR␣. These results further indicate that ROR␣ is required for maintenance of the terminal dendrites of PCs, not only at the young PC stage (P8; Fig. 7 ), but also after PCs enter the mature stage.
The number of dendritic spines on the remaining dendrites was also significantly reduced in PCs at P35 when ROR␣ was knocked down from P21 (Fig. 9 A, B) . We also observed extraordinarily thin distal dendrites that completely lacked spiny protrusions (13 Ϯ 1 spineless dendrites per PC, n ϭ 4 PCs from 2 mice; Fig. 9A) ; such spineless dendrites were never observed in control PCs expressing miR-SC. These phenotypes in ROR␣-deficient PCs were completely rescued by the coexpression of ROR␣1-HA (Fig. 9 A, B) , indicating that the maintenance of spines also requires ROR␣ in mature PCs. (SC and RC) or n ϭ 5 cells from 2 mice (KD). F, Total number of dendritic branch points in PCs at P10 and P14. Bars represent the mean Ϯ SEM branch points. P10, n ϭ 3 cells from 3 mice (SC and KD), n.s., not significant ( p ϭ 0.575 by Student's t test); P14, n ϭ 3 cells from 2 mice (SC and RC) and n ϭ 5 cells from 2 mice (KD), **p ϭ 0.00123 and ##p ϭ 0.00800, respectively (ANOVA followed by Tukey's test). G, Total dendritic length of single PCs at P10 and P14. Bars represent the mean Ϯ SEM total dendritic lengths. P10, n ϭ 3 cells from 3 mice (SC and KD); n.s., not significant ( p ϭ 0.818 by Student's t test); P14, n ϭ 3 cells from 2 mice(SC and RC) and n ϭ 5 cells from 2 mice (KD), *p ϭ 0.0105 and **p ϭ 0.00332, respectively (ANOVA followed by Tukey's test).
In contrast to spineless dendrites, the soma of ROR␣-deficient PCs exhibited spine-like protrusions (Fig. 9C,D) . Immunohistochemical analyses revealed that more vGluT2-immunopositive puncta were located on the somata of these ROR␣-deficient PCs (Fig. 9 E, F ) , suggesting that these spines were at least partly innervated by CFs. The abnormal spines on the soma were not rescued completely by the coexpression of ROR␣1-HA (Fig.  9C,D) . Therefore, we examined the effect of the overexpression of ROR␣1-HA from P21 in the absence of miR-ROR␣. Although the spines in PCs overexpressing ROR␣ were significantly wider than that in control PCs (overexpression: 0.57 Ϯ 0.02 m, n ϭ 119 spines from 2 mice vs SC: 0.49 Ϯ 0.01 m, n ϭ 58 spines from 3 mice, p ϭ 0.000152, Student's t test), the number of spines on the dendrites was comparable (Fig.  9 A, B) . In contrast, PCs overexpressing ROR␣ exhibited many spine-like somatic protrusions (Fig. 9C,D) , indicating that appropriate levels of ROR␣ are necessary to prevent emergence of somatic spines in mature PCs. Some axons of the ROR␣-deficient PCs exhibited abnormal torpedo-like swelling (Fig.  9C) , which is often observed in degenerating neurons (Coleman, 2005) . Such axon swellings were never observed in PCs overexpressing ROR␣ with or without miR-ROR␣. Together, these results indicate that ROR␣ is crucial for the maintenance of mature cellular morphology, including the maintenance of , n ϭ 4 cells from 2 mice (KD), n ϭ 3 cells from 3 mice (RC), and n ϭ 4 cells from 2 mouse (overexpression). F, Total number of dendritic branch points in PCs at P35. Bars represent the mean Ϯ SEM branch points. n ϭ 5 cells from 3 mice (SC), n ϭ 4 cells from 2 mice (KD), n ϭ 3 cells from 3 mice (RC), **p ϭ 0.00129 and ##p ϭ 0.00184, respectively (ANOVA followed by Tukey's test); n ϭ 4 cells from 2 mice (overexpression), †p ϭ 0.0397 (Student's t test vs SC). G, Total dendritic length of single PCs at P35. Bars represent the mean Ϯ SEM total dendritic lengths of the independent experiments. n ϭ 5 cells from 3 mice (SC), n ϭ 4 cells from 2 mice (KD), n ϭ 3 cells from 3 mice (RC), ***p ϭ 0.000227 and ###p ϭ 0.000550, respectively (ANOVA followed by Tukey's test); n ϭ 4 cells from 2 mice (overexpression), † † †p ϭ 0.000136 (Student's t test vs SC).
dendritic spines, the prevention of somatic protrusions, and axon swellings.
ROR␣ is required for the maintenance of synaptic functions, but not innervation patterns in mature PCs
Functional abnormalities at the PF-PC synapses have been reported in staggerer PCs (Mitsumura et al., 2011) . To examine the roles of ROR␣ in the maintenance of synaptic functions in mature PCs, we performed whole-cell patch-clamp recordings in P35 slices from PCs in which ROR␣ was knocked down from P21 (Fig. 10A) . PF-evoked EPSCs were markedly decreased in PCs expressing miR-ROR␣ (Fig. 10 B, C) . In addition, the pairedpulse ratio of PF-EPSCs was significantly increased in PCs expressing miR-ROR␣, indicating that the release probability was decreased in PFs (Fig. 10D) . These results are similar to those observed in staggerer PCs (Mitsumura et al., 2011), indicating . n ϭ 6 cells from 3 mice (SC), n ϭ 9 cells from 3 mice (KD), n ϭ 5 cells from 3 mice (RC), ***p ϭ 0.0000133 and ###p ϭ 0.000100, respectively (ANOVA followed by Tukey's test); n ϭ 12 PCs from 2 mice (overexpression), n.s., not significant vs SC ( p ϭ 0.566, Student's t test). C, Knock-down and overexpression of ROR␣ from P21 induces somatic spiny protrusions in PCs at P35. Representative confocal images of EGFP signals at the somata are shown. Scale bar, 10 m. D, Number of somatic spiny protrusions. Bars represent the mean Ϯ SEM number of protrusions per PCs of the independent experiments. n ϭ 8 (SC and KD) and n ϭ 9 (RC) cells from 3 mice each; ***p ϭ 0.000827 (ANOVA followed by Tukey's test), and n ϭ 16 cells from 2 mice (overexpression); † †p ϭ 0.00476 (Mann-Whitney U test vs SC). E, Representative confocal z-stacked images of the vGluT2 immunoreactivity (red) on EGFP-positive PC somata (green) at P35. Scale bar, 20 m. F, Histograms showing the percentage of PCs contacted by Ͼ15 vGluT2-immunopositive puncta. The number of vGluT2 puncta on the somata of PCs expressing miR-SC (SC) or miR-ROR␣ (KD) was counted at P35. n ϭ 39 cells from 3 mice (SC) and n ϭ 41 cells from 4 mice (KD), **p ϭ 0.00451 ( 2 test).
that ROR␣ is required for the maintenance of normal PF synaptic functions. Similarly, the CF-evoked EPSCs were significantly decreased in PCs expressing miR-ROR␣ (Fig. 10 E, F ) . In contrast to PF-EPSCs, the paired-pulse ratio of CF-EPSCs was unaffected (Fig. 10G) , indicating that the loss of ROR␣ in PCs differentially affected the presynaptic release probability of PFs and CFs. Immature PCs are innervated by several CFs originating from the inferior olivary nucleus, but most wild-type PCs become innervated by single CFs by the end of the third postnatal week. In contrast, staggerer PCs remain innervated by multiple CFs even in adulthood (Crepel et al., 1980; Mariani and Changeux, 1980) . To investigate the role of ROR␣ in maintaining a single CF innervation onto mature PCs, we examined the stimulus thresholds required to evoke CF-EPSCs in PCs expressing miR-ROR␣ from P21. At P35, we found that CF-EPSCs were evoked in an all-ornone manner in most PCs expressing miR-ROR␣, as well as in control PCs expressing miR-SC (Fig. 10H ) . Therefore, like wildtype PCs, PCs remain innervated by single CFs when ROR␣ is knocked down from P21.
Gene deletion in mature PCs using CRISPR/Cas9 genome editing system replicated the effects of miR-based knockdown of ROR␣ In contrast to our study, multiple functional CF innervation was reported to be reestablished on mature PCs in Cre-mediated conditional ROR␣ knock-out mice (Chen et al., 2013) . To investigate the possibility that the discrepant result was caused by remaining levels of ROR␣ in PCs expressing miR-ROR␣, we knocked out ROR␣ in mature PCs using an IUE-based tamoxifen-inducible palindromic repeats (CRISPR)/CRISPR-associated (Cas) 9 (CRISPR/Cas9) genome editing technique. We introduced Credependent CAG-flex-SpCas9 and CAG-flex-EGFP vectors, together with an L7-ER T2 -Cre-ER T2 plasmid and a plasmid vector encoding a guide RNA (gRNA) against ROR␣, into E11.5 cerebella by IUE (Fig. 11A) . Single 4-OHT administration at P21 induced almost complete loss of ROR␣ immunoreactivity in 64% of EGFP-positive PCs at P35 (Fig. 11 B, C) . Mean ROR␣ levels of these PCs were significantly lower than those in the rest of PCs or PCs expressing a control gRNA against the LacZ gene (Fig. 11D) . These results indicate that Cas9-gRNA exerted frame-shift null mutations in ROR␣ in vivo.
Cas9-induced knock-out of ROR␣ induced morphological phenotypes similar to those observed in miR-induced ROR␣ knock-down: dendritic branches (Fig. 11E) and spines (Fig. 11F ) were degenerated, abnormal spines appeared on soma (Fig. 11G) , and axonal were swollen (Fig. 11E, arrow) . We also observed an increased number of vGluT2-immunopositive puncta (Fig. 11H ) on the soma of Cas9-based ROR␣ knock-out PCs (Fig. 11I ) . Furthermore, electrophysiological analyses revealed that CFEPSCs were significantly decreased (Fig. 11 J, K ) without changes in the paired-pulse ratio (Fig. 11 J, L) . Importantly, ROR␣ knockout PCs, as well as PCs expressing control gRNA, were mostly innervated by single functional CFs at P34 -P43 (Fig. 11 J, M ) . T2 -Cre-ER T2 and chimeric guide RNA against LacZ (gR-LacZ) or ROR␣ (gR-ROR␣) are cotransfected with CAG-flex-EGFP and CAG-flex-SpCas9. Expression of SpCas9 was induced by 4-OHT at P21-P23 and mice were killed for analyses at P34 -P43. B, Representative confocal images of immunofluorescent signals for endogenous ROR␣ (red) of the EGFP-positive PCs (green, arrowheads) cotransfected with gR-LacZ (control) or gR-ROR␣ (KO) at P35. 4-OHT was administered at P21. The asterisk indicates a neighboring untransfected PCs. Scale bar, 20 m. C, Distribution of relative ROR␣ levels in the PCs cotransfected with control gR-LacZ (blue, control) or gR-ROR␣ (magenta, KO). n ϭ 23 cells from 2 mice (control) and n ϭ 45 cells from 4 mice (KO). D, Averaged ROR␣ levels in control PCs and PCs expressing gR-ROR␣. According to the ROR␣ fluorescent intensity, PCs were classified into low (when the ROR␣ intensity was Ͻ 20% of the nearby EGFP-negative PCs) and high (Ն 20%) groups. The ROR␣ fluorescent intensity was averaged in each group. All control PCs fall into the high group, but KO PCs were divided into low and high groups. Bars represent the mean Ϯ SEM. ***p ϭ 1.27 ϫ 10 Ϫ6 and ###p ϭ 1.27 ϫ 10 
